resistance genes have been defeated by at least one virulent race in North America (T. Gulya, personal communication, 2009) . Of the genes that have already been mapped, most are found on the same linkage group and are either allelic or closely linked (Sendall et al., 2006) .
Most downy mildew resistance genes in sunfl ower are the result of genes introduced from wild H. annuus, H. praecox, H. tuberosus, or H. argophyllus , although resistance has also been found in other species (Vear et al., 2008) . As with the gene for rust resistance, most of these genes are of a vertical nature with complete genetic dominance, although non-race-specifi c resistance has also been found (Vear et al., 2008; Hulke et al., 2010) . Since H. annuus is the domesticated sunfl ower, genes from other species are introduced by interspecifi c gene transfer using traditional breeding methods. Some genes, notably those from H. argophyllus, allow sparse sporulation on the cotyledons, which does not progress further and is known as cotyledon-limited sporulation (Bert et al., 2001) . Pl ARG , the gene present in RHA 464, is one of these. Despite the fact that it provides resistance to all known races of downy mildew in North America, the commercial use of Pl ARG is limited because of the risk of accidently selecting a susceptible type during phenotypic selection in breeding. However, with the recent work of Dußle et al. (2004) , genetic markers are now available for this gene that provide a more precise test for presence of the gene.
The development and release of RHA 464 was in response to input from stakeholder groups including producers, grain and oil marketers, and seed companies, who indicated that rust and downy mildew resistance need to be included together in commercial hybrids to sustain sunfl ower yield. The prevention of losses in commercial grain production, in terms of both grain yield and oil yield, is critical to sustainable sunfl ower production throughout the product chain. The release of RHA 464 will partially fi ll this need; however, further introduction of resistance genes, pyramiding of targeted genes, and detailed study of pathogen evolution will still be required in the future to maintain resistance for both pathogens.
Methods

Description of Parent Stocks
'RHA 418' (PI 607508) is a restorer germplasm line that is tolerant to the sunfl ower midge and was released by the USDA and the NDAES in 1998 (Miller et al., 2002) . 'RHA 419' (PI 619204) is a restorer germplasm line that possesses the Pl ARG resistance locus for resistance to downy mildew and was released by USDA and the NDAES in 1999 (Miller et al., 2002) . Pl ARG was described and mapped by Dußle et al. (2004) . 'RHA 801' (PI 599768) is a restorer germplasm line released by USDA and the NDAES in 1980 (Roath et al., 1981) . 'RHA 365' (PI 534651) is a restorer germplasm line that is resistant to Sclerotinia head rot and was released by USDA and the NDAES in 1988 (Miller and Gulya, 1990) . 'PI 413047' is a rust-resistant wild Helianthus annuus L. accession collected near Slough Bridge, CA in 1974. The tester germplasms, 'cms HA 412', 'cms HA 434', and 'cms HA 445', are the A-line (cytoplasmic male sterile) derivatives of sunfl ower maintainer germplasms 'HA 412' (PI 603993), 'HA 434' (PI 633744), and 'HA 445' (PI 639168) , respectively, and were all developed by USDA and the NDAES (Miller and Gulya, 1999; Miller et al., 2004; Miller et al., 2006 
Rust Screening
Plants for rust evaluations were grown in 12-cm square plastic pots fi lled with a commercial potting mixture (Sunshine SB 100B, SunGro Horticulture, Bellevue, WA), with two plants per pot. The greenhouse was maintained at 24°C day/20°C night with a 16-h photoperiod and sodium vapor lighting. Plants were fertilized weekly with a water soluble 15-16-17 analysis fertilizer and sprayed weekly to runoff with B-Nine (daminozide; Chemtura USA, Middlebury, CT) growth regulator at 0.5% w/v to maintain compact growth. Plants were inoculated 3 wk after planting or when at least two pairs of true leaves were fully expanded. Twenty plants of each line were inoculated, along with susceptible checks 'HA 89' (PI 599773) or 'HA 300' (PI 552938). Rust inoculations were done in secure greenhouse rooms during the winter months of December to March to minimize spore escape.
Urediniospores were collected from greenhouse-grown plants with the aid of a cyclone collector (Trevet et al., 1951 ) and stored at 4°C or −80°C until needed. Race 777, collected from cultivated sunfl ower plants in Kansas in 1995, was used. This race, increased from a single pustule, was able to infect all nine rust differential lines.
Spores were suspended in SOLTROL 170 isoparaffi n (Chevron Phillips Chemical Co., The Woodlands, TX) at 5−10 mg spores 10 mL −1 , which was equivalent to 1.5−3.0 × 10 6 spores mL −1
. The spore suspension was atomized onto all leaf surfaces with compressed air. After allowing the SOL-TROL 170 to evaporate for 15 min., the plants were lightly misted with water and placed in sealed cabinets within a room maintained at 18-20°C in the dark for 16−24 h. Plants were then returned to the greenhouse at conditions mentioned above. Rust pustules started to appear in 7-10 d, but evaluations were made at 12-14 d post inoculation.
Rust reaction was rated on the basis of both pustule size and leaf area covered by pustules. Pustule size ratings used the 0 to 4 scale originally developed by Sackston (1962) as follows: 0 = immune, no signs of infection; F = fl ecking, consisting of small chlorotic spots; H = hypersensitive reaction consisting of small, necrotic spots sometimes coalescing; 1 = small uredinia (<0.2 mm diameter) with weak sporulation; 2 = uredinia from 0.2 to 0.4 mm diameter with moderate sporulation, with or without chlorosis; 3 = uredinia from 0.2 to 0.6 mm diameter with profuse sporulation, with or without chlorosis; and 4 = uredinia in excess of 0.6 mm (often coalescing) with profuse sporulation, with or without chlorosis. Reactions 0, F, H, and 1 were classifi ed as resistant, while reactions 2, 3, and 4 combine, cleaned, and subjected to oil content analysis with a Maran-5 Ultra NMR (Oxford Instruments, Abingdon, Oxfordshire, UK).
Line Development
Population and line development followed the pedigree breeding method, with selection in early generations for downy mildew and rust resistance and in later generations for yield using testcrosses. Hybridizations were made between RHA 418 and RHA 419 in 1999. The F 1 progeny of this cross were crossed to an F 9 -derived line from the cross RHA 801//RHA 365/PI 413047 that exhibited rust and Sclerotinia-head-rot resistance in 2000. The resulting threeway-cross population was expected to segregate for all traits under study and was grown as an F 2 population in Molokai, HI, in early 2001. The resulting seed from self-pollinated heads were grown as F 3 lines in Fargo, ND, during the summer of 2001. The heads were self-pollinated, harvested individually, and threshed. Rust and downy mildew tests were performed on the F 4 progeny, and progeny exhibiting segregation for rust and downy mildew were noted. Remnant F 4 seeds of the lines with rust and downy mildew resistance were grown in the fi eld in Fargo, ND, in 2002, where the resulting F 4 plants were self-pollinated and testcrossed to cms HA 412 and cms HA 434. Following harvest, F 5 progeny of the self-pollinated plants were subjected to rust and downy mildew evaluation to ensure stability of the resistance. The F 4 testcrosses (TC 1 ) were evaluated in 2003 in Casselton, ND, for yield and agronomic performance. The F 5 lines were grown in 2003 in Fargo, ND, where they were self-pollinated and testcrossed to cms HA 412 and cms HA 434. Following harvest, F 6 progeny of the self-pollinated plants were subjected to rust and downy mildew evaluation to ensure stability of the resistance. At the same time, lines were discarded based on their testcross performance the previous year. The F 5 testcrosses (TC 2 ) were evaluated in 2004 at the same locations as the previous year. Remnant F 6 seeds of the lines were grown at Fargo, ND, in 2004, where the resulting F 6 plants were self-pollinated and testcrossed to cms HA 412 and cms HA 445. F 7 seeds were not harvested because of fi eld losses. The F 6 testcross (TC 3 ) seeds were recovered from the fi eld and were grown in 2005 in the same way as in previous years. F 6 seeds of downy mildew and rust resistant lines with good testcross performance the previous year were recovered from seed storage and grown in Fargo, ND, in 2005. The F 6 plants were self-pollinated, harvested, and threshed individually. A fi nal evaluation of downy mildew and rust resistance was performed on the F 6:7 experimental lines, and experimental '05 187' was chosen based on testcross performance and stability of downy mildew and rust resistance.
Statistical Analysis
The segregation ratios for rust resistance within the F 4 lines were tested using chi-square tests to confi rm that the resistance alleles were segregating as single, dominant alleles (Table 1) . Progeny tests of the fi nished germplasm for downy mildew and rust resistance provided no segregation, as would be expected in genetically pure lines were rated as susceptible. Pustule leaf coverage was assessed using the diagrams developed by Gulya et al. (1990) . Pustule leaf coverage of <0.5% combined with pustule size ratings of 1 were classifi ed as resistant. Susceptible check varieties HA 89 and HA 300 generally had rust ratings of 3 or 4 and pustule coverages of 5−20+%.
Downy Mildew Screening
Twenty to thirty seeds from each experimental line were evaluated for downy mildew resistance in greenhouse trials. Seeds were germinated for 3 d at 22°C and inoculated by the whole-seedling immersion technique, which involves immersing the seedlings in a zoosporangia suspension (20,000 spores mL
) for 3 h at 18°C (Cohen and Sackston, 1973) . The zoosporangia solution contained race 730 for testing all populations and fi nished lines. A set of nine race differentials were included both to verify the virulence of the inoculum and to serve as controls. The inoculated seedlings were then planted in fl ats containing a sand-perlite mixture (3:2 v/v) and grown in the greenhouse maintained at approximately 24°C with a 16-h photoperiod provided by high-pressure sodium lamps. After 11 d, the fl ats were transferred to a chamber maintained at 18°C, misted, and kept in the dark overnight. In the morning, susceptible seedlings displayed profuse sporulation on the cotyledons and portions of the fi rst true leaves while resistant seedlings had no sporulation on the true leaves but may have had light sporulation on the cotyledons. Seedlings and the planting medium were autoclaved before disposal.
Agronomic Performance Evaluation of Testcrosses
All testcrosses were evaluated for agronomic characters at the North Dakota State University Agronomy Seed Farm in Casselton, ND. Land was chosen that had not been in sunfl ower production for at least 5 y and was then treated with Trefl an (trifuralin) preemergence herbicide (Dow Agrosciences, Indianapolis, IN) before planting. The experimental design was an unreplicated, augmented design for TC 1 and TC 2 evaluation and a randomized complete block design with two replications for TC 3 evaluation. Plots were planted in two-row plots on 30-in. (0.76-m) centers, 20 ft (6.1 m) in length with 5 ft (1.5 m) between ranges. Plots were planted with a four-row John Deere model 71 fl ex planter (John Deere, Moline, IL). Postemergent weed control was accomplished using a tractor-mounted cultivator and manual hoeing. Notes were taken on date of fl owering (days from planting to 50% bloom [R5.1]), date of maturity (days from planting to 50% physiological maturity [R9]), height (distance from the ground level to the top of the stem at the base of the head), and any other characteristics that were agronomically important in a given year (Schneiter and Miller, 1981) . Yield, moisture at harvest, and test weight were measured by a Hege model 140 combine fi tted with an all-crop header (Wintersteiger AG, Ried, Austria) and a Harvestmaster Classic Grain-Gauge system (Juniper Systems, Logan, UT). Subsamples were captured from the Journal of Plant Registrations, Vol. 4, No. 3, September 2010 the most virulent North American race of rust currently known, race 777. The gene conditioning this resistance is a single dominant locus from PI 413047 (Table 1) . This is the fi rst public release of the resistance gene found in PI 413047; however, the independence of this gene from other loci has yet to be examined. RHA 464 also has resistance to downy mildew races 304, 730, 733, and 770 conditioned by the single dominant gene Pl ARG , which has already been mapped (Dußle et al., 2004; T. Gulya and D. Tourvieille de Labrouhe, personal communication, 2009) . RHA 464 has genes for fertility restoration of the PET1 cytoplasmic male sterility and upper-stem branching conditioned by a recessive gene, a fi nding confi rmed by the lack of observed segregation in branching and fertility in the testcross hybrids (data not shown). (Tables 4 and 5 ). The average yield and seed oil percentage of the best hybrid with RHA 464 as the male line was statistically equivalent to that of the best commercial hybrid check in each trial (Table 4) . Days from (Tables 2 and 3 ). To ensure that the lack of segregation was not the result of a small sample size, we calculated the probability that a heterozygous line would produce at least one individual in a progeny test with the recessive phenotype, given the number of plants sampled from the population (method III in Sedcole, 1977) . This method is based on a one-tailed test of a normally distributed (z) variable. Yield, oil content, and agronomic data were analyzed using PROC GLM of SAS v.9.1 (SAS Institute, Cary, NC). Analyses were conducted fi rst within environments, on recurrent checks for augmented designs, and on the whole experiment for randomized, complete block designs. Data from 2003 and 2004 were pooled after examination of the error variances.
Results
RHA 464 is an F 6 -derived F 7 restorer line advanced by pedigree selection from the cross RHA 418/RHA 419/3/RHA 801// RHA 365/PI 413047. RHA 464 was selected for resistance to Table 1 . Results of screening for sunfl ower rust race 777 in F 4:5 progeny from the population in which germplasm RHA 464 was derived, with tests for deviation from a 3:1 phenotypic ratio. resistance to the rust race (indicated by few or no spores on true leaves); susceptible: susceptibility to the rust race (indicated by profuse sporulation on true leaves). Numbers in parentheses indicate expected numbers of each category. ‡ Probability of fi nding at least one susceptible individual after self-pollinating a heterozygote given a 3:1 (resistant:susceptible) expected phenotypic ratio and a sample size equal to the sum of the resistant plants observed. resistance to the downy mildew race (indicated by few or no spores on cotyledon tissues and no spores on true leaves); susceptible: susceptibility to the downy mildew race (indicated by profuse sporulation on cotyledons and true leaves, as well as stunting of the seedling). Numbers in parentheses indicate expected numbers of each category. ‡ Probability of fi nding at least one susceptible individual after self-pollinating a heterozygote given a 3:1 (resistant:susceptible) expected phenotypic ratio and a sample size equal to the sum of the resistant plants observed. § Race 730 resistance infers resistance to races 304 and 770 for this gene. ---d to 50% bloom (R5.1) -------d to 50% PM (R9) † ------------cm --------planting to fl owering, days from planting to physiological maturity, and the height of the testcross hybrids were similar to the commercial check hybrids in all tests (Table  5 ). The height of public hybrids with RHA 439 and RHA 440 as the male line were taller than the testcross hybrids with the same female tester in 2005. This result indicates that RHA 464 is contributing genes for shorter stature to hybrids than previous USDA germplasm releases.
Availability
Small quantities of seed of the RHA 464 germplasm will be available from the NDSU Seedstocks Project, Department of Plant Sciences, NDSU Dep. 7670, PO Box 6050, Fargo, ND 58108-6050. Seed from the 2006 and 2007 increases has been deposited in the National Plant Germplasm System, where it will be available for research purposes. No limit will be imposed on the number of generations of seed increase. All seed increases will be conducted using cages or individually bagged heads for isolation. U.S. Plant Variety Protection will not be requested for RHA 464. It is requested that appropriate recognition be made if this germplasm contributes to the development of a new germplasm, breeding line, or cultivar.
